We investigated the effect of geometrically constrained stress-strain conditions on the formation of nanotwins in α-brass phase reinforced Ni 59 Zr 20 Ti 16 Si 2 Sn 3 metallic glass (MG) matrix deformed under macroscopic uniaxial compression. The specific geometrically constrained conditions in the samples lead to a deviation from a simple uniaxial state to a multi-axial stress state, for which nanocrystallization in the MG matrix together with nanoscale twinning of the brass reinforcement is observed in localized regions during plastic flow. The nanocrystals in the MG matrix and the appearance of the twinned structure in the reinforcements indicate that the strain energy is highly confined and the local stress reaches a very high level upon yielding. Both the effective distribution of reinforcements on the strain enhancement of composite and the effects of the complicated stress states on the development of nanotwins in the second-phase brass particles are discussed.
Introduction
When metallic materials are deformed under a compressive stress state at sub-ambient temperatures and/or high strain rates, grain refinement associated with a phase transformation such as recrystallization is often observed [1, 2] . Growth or deformation twins are also commonly observed in nature, especially in face-centred cubic metals with relatively low stacking fault energies (i.e. Cu, Ni). Twins can also be formed by various approaches such as plastic deformation at sub-ambient temperatures and/or high strain rates, phase transformation, thermal treatment and other physical or chemical processes in a large variety of metals and alloys [3, 4] . However, very fine-scale (nanoscale) twins are typically not observed experimentally under common deformation conditions for bulk metals [5] .
Metallic glasses (MGs) have received a lot of attention because of their potential applications as high strength materials, however, under uniaxial compressive loading the plastic flow is highly localized in shear bands, leading to catastrophic failure along one dominant maximum shear plane without global plasticity [6] [7] [8] [9] . For this reason, metallic glass matrix composites (MGMCs) have been developed to provide enhanced plasticity under unconstrained loading conditions at temperatures below the glass transition temperature of the glass matrix. Specifically, MGMCs reinforced by particles [10] , fibres [11] , or in-situ formed ductile phase precipitates have been found to exhibit enhanced plasticity [12] , not generally observed in monolithic bulk metallic glasses (BMGs). This deformation behaviour possibly stems from the formation of multiple shear bands initiated at the interface between the reinforcing phase and the MG matrix, and their confinement in MGMCs [13] . Moreover, an improvement in ductility has been demonstrated for MGMCs containing short brass fibres, synthesized by warm extrusion of powders, when loaded under uniaxial compression at room temperature [14] . The enhanced macroscopic plasticity is due to the formation of multiple shear bands initiated at the brass fibres/glass matrix interface.
Interestingly, deformation-induced crystallization of amorphous phase under hydrostatic pressure has been experimentally observed in Zr-and Al-based MGs [2, 15] and numerically postulated in simple amorphous systems [16, 17] . Furthermore, the formation of nanocrystals in Al-based amorphous ribbons plastically deformed by bending and Zr-based MG alloys subject to nanoindentation has been reported [1, 18] . These experimental and computational results suggest that the nucleation of nanocrystals at shear bands during deformation may be related to geometrical constraint effects resulting from multi-axial stress conditions. However, in spite of previous observations, our understanding of the deformation-induced structural transformations in the reinforcement phase of BMG-matrix composites is still lacking.
In the present study, we investigated the effects of the complex stress-state that develops during loading on the formation of nanoscale twins in the reinforced particles and nanocrystallization in the matrix for a ductile brass phase reinforced Ni 59 Zr 20 Ti 16 -Si 2 Sn 3 metallic-glass-matrix composite deformed under quai-static uniaxial compression. We compare these results with regions of the glass matrix subject to a constrained geometry by the test platens, which lead to a local deviation from simple uniaxial compression to a multi-axial stress state, to evaluate the contrasting structural evolution that occurs under these different stress states.
Experiments
The Ni-based MG composite samples were prepared by hot extrusion of blended powders consisting of high-pressure gas atomized MG powder and α-brass (Cu 80 Zn 20 wt.%) powder. The MG alloy powders produced by high-pressure gas atomization were sieved to −63 μm and combined with 40 vol.% brass (also <63 μm) in a Turbula blender. The powders were loaded into a copper can and sealed under vacuum for extrusion. Extrusion was performed by heating the billet to a temperature 845 K, which is above the glass transition temperature, but below the crystallization temperature of the MG (further details are given in Ref. [19] ). Mechanical test specimens of brass reinforced Ni-based MG composite samples were cut and polished from extruded rods to produce rectangular specimens (2 mm width × 4 mm height). The uniaxial compression experiments, which were performed at room temperature, were done at a constant strain rate of 1 × 10 −4 s −1 . Boron nitride (BN) was used as a lubricant between the sample and the platens. For transmission electron microscopy (TEM) analysis, thin foils of the samples were prepared by ion milling using a Gatan Model 691 PIPS and TEM was performed with Jeol JEM 4010 and JEM 2000EX microscopes. The Finite Element Analysis (FEA) performed with a two-dimensional (2D) finite element mesh was created with the FEA software OOF2 from an optical image of microstructure in the brass reinforced Ni-based MG composite (Figure 1a ) [20] , following the procedure described in Ref. [21] . The mesh was made of 2D plane-strain 3-noded and 4-noded linear elements. A general static analysis with a direct equation solver was carried with the FEA software ABAQUS. The mechanical behaviour of the Ni-based MG matrix was modelled as an elastic perfectly-plastic material with a constant flow stress σ 0 . The brass particles were modelled with an elastic-plastic behaviour with isotropic hardening such as σ p = σ 0 + B(ε p ) n , where σ p is the flow stress, ε p is flow strain, B is strain hardening coefficient and n is strain hardening index. Table 1 lists the materials constants employed in the constitutive laws of our FEA simulations [22] .
Uniaxial compression was simulated on the FEA mesh by fixing the nodes at the bottom boundary and displacing those at the top boundary along the loading direction. We also constrained the motion of the nodes on the left and right boundaries in order to simulate quasi-periodic boundary displacements. We impose a total compression strain of 3.3%, which was found to result in a compression stress of~1.6 GPa. The local shear stress and pressure were calculated from the equivalent von Mises stress and hydrostatic pressure determined at the integration points. Figure 1a and b show optical micrographs of the MG composites containing 40 vol.% brass reinforcements on the longitudinal (extruded direction) section before and after deformation, respectively. The room temperature flow stress of brass is 261 MPa, which is lower than that of the viscous flow stress (510 MPa) of the glass matrix during extrusion [19] . The relatively low strength of the brass and glass allows the mixed powder to be deformed readily during extrusion, as shown in Figure 1a . The role of the reinforcement for achieving plasticity and the progressive formation of shear bands in the glassy matrix during deformation was investigated by interrupted tests. Figure 1b shows the outer surface of the uniaxially compressed MG composite deformed to the maximum stress point (1.6 GPa) [19] . Upon yielding, a small number of shear bands initiates at the interface of the brass reinforcement and the matrix. During deformation, the load is effectively transferred from the glass matrix to the brass phase, leading to plastic deformation of the latter. From the FEA results shown in Figure 1c , we see that certain regions (the nearest effective distance between reinforcements) of the particle/matrix interface serve as local concentrations of shear stress, which would presumably lead to the initiation of shear bands. It is important to note that these stress concentrations correspond to regions where the particles are in relatively close proximity to each other. However, as noted by the circles in Figure 1b , the sharp points that are at the leading edges of the particles do not appear to lead to the initiation of shear bands. This is consistent with the FEA results, as presented in Figure 1c , which show that these regions do not have large localized shear stresses that would be favourable to shear band initiation. In addition to the shear stress being highly localized to regions where the particles are in close proximity, which allows the stress fields to "link up", the hydrostatic pressure is also localized to these regions, Figure 1d . As with the shear stress, the regions highlighted by the circles in Figure 1b even sharp corners of reinforcements show a significantly lower pressure compared to the more interconnected regions. Interestingly, the observation of nanotwins in the brass particles was always found to occur in the regions similar to those in Figure 1c and d, where the shear stress and pressure are highest.
Results and discussion
In the case of the uniaxially deformed Ni-based MG composite sample, the BF field TEM image in Figure 2c shows nanocrystallites corresponded to Ni(Zr,Ti) and Ni 10 (Zr,Ti) 7 phases with~20 nm size in the MG matrix as well as twinning of the brass reinforcement. As with the nanotwinning, the experimentally observed nanocrsytallizaion is localized to areas where the FEA predicts the highest shear stresses and pressures. Therefore, the stress state that promotes the nanotwinning in the secondphase particles also appears to promote crystallization in the glass matrix. While the predicted pressures do not approach the values predicted for indentation experiments, the correlation between nanocrystallization in the glass matrix and the concentration of shear stress and pressure might be similar to the observation of deformation induced crystallization under very high pressure generated by a diamond indenter [18] .
The stress state of the specimen and the stress field at the specimen under compressive loading are depicted schematically in Figure 3a . The nominal locations of the schematic illustration represented where the TEM samples were obtained from the brass reinforced Ni-based MG composite, marked as regions A and B in Figure 3a , respectively. The Mohr-Coulomb yield criterion including the effect of compressive hydrostatic pressure (p) or the stress normal to the plane of shear yielding (σ n ) on plastic deformation is defined by p = σ m = −(
. The equivalent stress r is given as a function of the stress triaxiality (χ) at yield. The level of stress triaxiality is defined as v ¼ p= r ¼ r m = r where σ m is the mean stress, and p is the hydrostatic pressure [23] . The relationship between the equivalent stress and the stress triaxiality is well matched by the Mohr-Coulomb criterion and the stress triaxiality is a linear function of the hydrostatic pressure [23] [24] [25] . The maximum stress levels corresponding to the initiation of shear bands for all combinations of tension and compression on shear are a function of the hydrostatic pressure [26] . The hydrostatic stress level is markedly elevated in the vicinity of a sharp corner of a whisker and can reach up to six times the overall yield strength [27] . For the microstructure of the Ni-based MG composite shown in Figure 1 (corresponded to region A in Figure 3a) , the FEA predicts that localized regions are subject to a large hydrostatic pressure, even though the Ni-based MG composite specimen were macroscopically deformed under quasistatic uniaxial loading condition. This hydrostatic pressure arises from stronger, more compliant matrix that confines the particles during plastic deformation. Along the brass particle-MG matrix interface, nanocrystallization of the amorphous matrix occurs within 100 nm of the boundary of the brass shown in Figure 2c . The structures of the nanocrystallites have been previously reported as correspond to Ni(Zr,Ti) and Ni 10 (Zr,Ti) 7 compounds [28] . The SADP taken from the brass reinforcement marked in Figure 2d consists of two mirror-related [0 1 1] zones indicating {1 1 1} twinning of the fcc structure. As shown in Figure 3b , the nanocrystals in the MG matrix and the appearance of twinned structures in the brass particles indicate that upon yielding the highly confined strain energy saturates and the local stress reaches a very high level.
It is well known that nano-twinning can occur in low stacking fault energy (SFE) materials, such as brass (SFE brass~1 5 mJm −2 ) for which the difficult nature of cross-slip can suppresses dislocation mobility [5] . Previous work has suggested that decreasing the twin spacing may enhance the work-hardening ability due to the twin boundaries acting as barriers to dislocation motion during plastic deformation, resulting in enhanced strength of fcc metals. [29] As shown in Figure 2c , the twin spacing observed in brass reinforcement has values from 30 to 55 nm ranges. It is reported that this twin spacing can be decreased down to 6 nm at the edge corner of a brass fibre surrounded by the matrix, which is expected to be represented a high level of hydrostatic pressure induced by multi-axial stresses [28] . The strengthening effect as a function of thickness (or lamella spacing) of nanoscale twins examined by Shen et al. via statistical TEM, was reported to follow the empirical Hall-Petch relation [29] . Furthermore, it has also been reported that the strain hardening coefficient of nanotwinned Cu increases linearly with decreasing twin boundary spacing [3] . Therefore, the brass reinforcement in the MG matrix acts both to diminish the work softening effect from shear banding in the MG matrix by blocking the shear bands propagation resulting in improved plasticity of the composite, and strengthening of the composite due to generation of nanotwins that impede dislocation motion in the second-phase brass particles.
The effects of the locally constrained geometry on the glass matrix can be further seen in the material adjacent to the upper and lower platens (corresponded to region B in Figure 3a) , which his susceptible to non-uniform loading (stress state can deviate significantly from pure uniaxial compression). The evaluation of different regions of the glass matrix near the platens, but away from particle interfaces shows a propensity towards nanocrystallization in shear bands that form under multi-axial loading, as shown in Figure 3c . The friction stress induced by the planes at the lateral surface of the bottom part of the sample during compression is defined as r ¼ r a ½1 þ m=3 ffiffi ffi
À1 , where σ is the local von Mises equivalent flow stress of the material and m the friction parameter (0 m 1), e is effective strain, μ is the Coulomb friction
Þ at the compressed surface, σ a is the apparent flow stress and λ 0 = H 0 /D 0 is the initial aspect ratio of the specimen [23, 30] . In the current study, σ a is 2 GPa, λ 0 is 2, e is 0.02 for the Ni-BMG and μ for the used boron nitride (BN) lubricant is 0.3 at room temperature. The calculated additional stresses from the friction-corrected effective flow stress for the uniaxial compression of a cylinder at region B is 550 MPa. Considering the temperature increase induced by heat generation due to friction, in case of very slow strain rate, it can be assumed that the sliding speed approaches a steady or quasi-static state. The temperature rise of the contact surface can be calculated by considering the heat generation equation at a single area of contact defined as T ðtÞ ¼ 2h
, where K is the thermal conductivity, ρ is the density, C p is the specific heat and t is the time for which the heat is supplied and can be replaced by a/v. At the surface, the heat is supplied at a fixed rate with constant heat flux, and the average heat flux (h) at the contact area due to the frictional heating can be expressed as h ¼ lWv=pa 2 [32] , where μ is the coefficient of friction, a is the contact radius, v is the velocity and W is the load. In the current study, μ = 0.3 for BN, W = 1413 N, v = 3.3 × 10 −4 mm/s, ρ = 7.9 g/cm 3 , a = 0.5 mm for the Ni-based BMG and K = 7 W/mK, C p = 500 J/kgK for BMGs [33] . The calculated temperature rise by friction on the contact surface is only 1.48 K, because the accumulation of thermal energy by friction is more dependent on strain rate and contact area rather than the applied stress [34] .
As shown in Figure 3b , the BF TEM image obtained from the lateral surface area of Ni-based monolithic BMG (region B in Figure 3a) , which is close to the loading platens, shows shear bands resulting from the effect of stress triaxiality induced by friction. Moreover, shear bands and nanocrystallites can be seen simultaneously in the glass region B which is similar condition to the glass matrix adjacent to the brass particles, as shown in Figure 2c . This too is consistent with what we observed from the middle region of the sample. The major difference, however, is the route to dissipate strain energy. Nanocrystallization at amorphous matrix and nanotwinning at reinforcement are more pervasive way in the strain concentrated region due to the overall stress triaxiality caused by the interfaces.
Several reports show that shear localization occurs by the formation of shear bands immediately upon the onset of plastic deformation [35, 36] . The results of atomistic simulations of the deformation of MGs also show the influence of multiaxial stress states on yielding of MGs [24, 25] . Other works have directly examined the role of multi-axial stress states on the plastic yield of MGs and one important consequence of shear localization in amorphous alloys is that the macroscopic yield criterion may exhibit a dependence not only on the maximum shear stress, but also on the hydrostatic pressure of the normal stress acting on the shear plane [37, 38] . Deformation mechanisms based on the free volume or dilatation models [8, 9] , which involve the accumulation of free volume during localized shearing, would be expected to be pressure sensitive and to depend on the hydrostatic component of the applied stress [24, 39] .
Moreover, the formation of nanotwins might be expected to be observed outside the stress concentration regions, since the whole brass particles yield during the early stage of loading. However, it is possible that the interface structural incoherency at the brass particle-nanocrystalline MG boundary compared to that at the brass-amorphous interface introduces some free volume or microvoids at the boundary that would locally emit twinning partial dislocations in the brass particles.
Conclusions
In conclusion, during simple uniaxial compressive testing, the BMG matrix material adjacent to the edge corner of reinforcement is susceptible to non-uniaixal loading in which the effective stress state can deviate significantly from pure uniaxial loading. Moreover, there is effective distribution of reinforcements to support mechanical enhancement of composite material. Evaluation of different regions from the compressed Ni-based MG composite samples illustrates this geometrical constraint effect and the corresponding propensity towards nanocrystallization in the matrix and nanotwin formation in the brass reinforcement. The results highlight the complicated deformation behaviour of these metallic-glass-matrix composites under simple uniaxial compression. These new results can be used for the design and development of advanced MG composites which have an optimized configuration of reinforcements with superior mechanical properties. 
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